STUDENT YEARS
In 1924 Bethe enrolled in chemistry at the University of Frankfurt. He soon discovered that chemical experiments consumed too many lab coats and he switched to physics, and within physics to theory. He was fascinated by the lectures of the ebullient Walter Gerlach and later of his successor, the spectroscopist Karl Meissner, who told Hans emphatically that he must not stay in Frankfurt but should go to a place with better theoretical physics.
On his recommendation, Bethe applied to Arnold Sommerfeld in Munich for admission to his seminar. In 1926 Arnold Sommerfeld was the most influential physics teacher in the world, his recent prize pupils having been the future Nobel Prize winners Wolfgang Pauli (ForMemRS 1953) and Werner Heisenberg (ForMemRS 1955) . Sommerfeld worked in every area of theoretical physics, and his lectures formed one of the best introductions to many branches of physics.
At Sommerfeld's institute, collaboration and exchange of scientific ideas were encouraged. German graduate students and foreign postgraduate students shared one big room that also served as a library and a place of scientific discussion. It was here that Bethe spent numerous hours with a student one year his junior who was to become a lifelong close friend and one of only two colleagues with whom he would collaborate intensely over substantial periods of time: Rudi Peierls (FRS 1945) (the other collaborator being-in later yearsGerry Brown).
Sommerfeld's students benefited from the respect in which the theoretical physics community held this grandmaster of their discipline. New ideas and preprints of papers would land on Sommerfeld's desk for comment, and Sommerfeld passed them on to his students for discussion in his advanced seminar.
The work of Schrödinger (ForMemRS 1949) and de Broglie (ForMemRS 1953) on wave mechanics was being developed in 1925 and 1926 , and Bethe often argued that he entered the scene of serious theoretical physics research at an ideal time. Unencumbered by old concepts and theories he was both keen to study and quick to understand the new ideas.
His doctoral thesis, suggested by Sommerfeld, was a theoretical analysis of the Davisson and Germer diffraction of electrons by crystals (Davisson & Germer 1927) . Because electrons have a wave property, as demonstrated by their de Broglie wavelength, they diffract in a similar way to X-rays, investigated almost 20 years before by Max von Laue (ForMemRS 1949) . Sommerfeld suggested that Bethe look at a paper by Paul Ewald (FRS 1958) , who had dealt with the diffraction of X-rays by crystals (Ewald 1913) , also at Sommerfeld's institute. Bethe started out by producing a more or less direct translation of Ewald's thesis from X-ray to electron diffraction and found out that it worked very well.
EARLY CAREER
In 1928, having passed his doctoral exams, Bethe was invited back to Frankfurt by his former teacher Madelung. Here he wrote the first of two substantial papers of remarkable depth and maturity. In 'Splitting of terms in crystals' (2), he gave a review of the use of group theory for analysing electronic energy levels in crystals. As one of his colleagues remarked about 70 years later, the 'paper covers much of the material I would use teaching this topic today' (Thouless 1999, p. 283) .
Bethe found the physics department in Frankfurt mired in old ideas. He was therefore glad to be asked by Paul Ewald to become his assistant at Stuttgart. The move to Stuttgart was a happy one, coming as it did at a time when Bethe's personal life was less than happy as a result of his parents' divorce in 1927. At Stuttgart he was made welcome in the institute and in Ewald's family; many years later, in 1939, he married his mentor's daughter Rose.
In contrast to his Frankfurt experience, Bethe thoroughly enjoyed his work at Stuttgart; Ewald was working on crystallography, the topic of Bethe's PhD thesis. Bethe's knowledge was sought by colleagues and students alike. He was asked to lecture twice a week on the new quantum mechanics to Ewald and all of his assistants, and to the numerous visitors who came from all over the world to study with Ewald. Werner Ehrenberg, assistant to the Professor of Experimental Physics, Erich Regener, once famously remarked: 'If you want to see Hans, the line starts to form at 10 o'clock!'
In the midst of Bethe's happy situation in Stuttgart, Sommerfeld returned from a trip around the world. He wrote a postcard to Ewald saying, in effect, 'Bethe is my student. Send him back to me immediately.' Ewald could do little but obey his former teacher's request, and Sommerfeld created an attractive package for Bethe that allowed him to become a Privatdozent the following spring as well as providing a fellowship and a general travel allowance.
At Munich, in the winter of 1929, Bethe wrote what he considered to be his best paper, on the theory of the passage of fast corpuscular rays through matter (3).
When Bethe was awarded a Rockefeller fellowship for 1930-31 he decided to visit Cambridge and Rome. Later he would frequently recall how formative his work with Enrico Fermi (ForMemRS 1950) in Rome had been for him. From him Bethe learnt to look at a problem qualitatively first, and understand the problem physically before putting lots of formulas on paper. In contrast with Sommerfeld, whose method was to begin by inserting the data of a problem into an appropriate mathematical equation and solving the equation quantitatively in accordance with the strictest mathematical formalism for those specific data, for Fermi the mathematical solution was more a confirmation of his understanding of a problem than the basis for its solution.
The informal atmosphere at the Institute in Rome also appealed to Bethe. Fermi was only five years his senior, and many of the other colleagues were close in age, some younger and some a little older. However, all recognized Fermi's leadership. Although Fermi's main interest during the period of Bethe's visit was low-energy neutron scattering, he and Bethe co-authored a paper comparing three methods of treating relativistic electron-electron interactions (5). In general, however, although Bethe took an interest in the experiments, he worked on his own. He worked out the solution of the linear chain during that period, introducing what C. N. Yang later named 'The Bethe Ansatz' (4).
On his return to Munich, in collaboration with Sommerfeld, Bethe wrote one of his three great review articles 'Elektronentheorie der Metalle' (7). In fact, Sommerfeld wrote the first chapter and Bethe wrote the rest of the book.
In the summer of 1932 Bethe was offered an assistant professorship at Tübingen, but after Hitler's ascension to power in January 1933 and the enactment of the racial laws, Bethe was dismissed from his post in April 1933. His mother being of Jewish origin, by the new laws he was no longer regarded fit to serve the state.
His plea to Sommerfeld for help resulted in the immediate reply: 'You are most welcome here. I will have your fellowship again for you. Just come back.' But even the relative security under Sommerfeld's protection in 1933 did not obscure the precariousness of his situation to Bethe, and he gladly accepted a temporary lectureship at Manchester. It allowed him to leave Germany and brought him together again with Rudolf Peierls, who also held a lectureship at Bragg's institute. Peierls was now married and living in a large house, which Hans happily shared.
Bethe often referred to the year 1933-34 as his most productive. Working (and lodging) with Peierls was highly enjoyable for Bethe, and their collaboration produced several noteworthy papers. On the occasion of a visit to Rutherford's Cavendish Laboratory in Cambridge, James (later Sir James) Chadwick FRS acquainted them with an experiment performed with a bright young graduate student Maurice Goldhaber on the photodisintegration of the deuteron (then called the diplon). Chadwick challenged them to work out the theory of this reaction. Trains took a long time to go across country in England at that time: about four hours from Cambridge to Manchester. Bethe and Peierls had a solution to the problem by the time they reached Manchester (8, 11) .
That year they also wrote two short papers on the neutrino (9) and a paper on neutron-proton scattering (12). In a different collaborative effort, Bethe and Walter Heitler (FRS 1948) wrote the paper 'On the stopping of fast particles and on the creation of positive electrons' (10) .
During an earlier visit to England, Bethe had made the acquaintance of Nevill (later Sir Nevill) Mott (FRS 1936) , who in 1933-34 was a professor at Bristol. Bethe gave a talk there and intimated that he would like to join the department. A few weeks later Mott offered him a fellowship at Bristol for a year. However, in the summer of 1934 Bethe received a cable, seemingly out of the blue, from Cornell University offering him an acting assistant professorship, with the prospect that it might be made permanent. At the age of 28 years he moved from Bristol to Cornell, where he stayed for the rest of his life.
AMERICA, THE FIRST YEARS
Hans Bethe immediately felt welcome in America and often reiterated that within a short period he came to feel that his growing up in Germany had been an accident and coming to America was like coming home.
Among the experiences that made him feel uncomfortable in Germany was the humourless intolerance among many of his fellow students on matters political. Already on his first stay in England he had discovered a more civilized form of discourse: one could look at politics from different angles and agree to disagree; jokes could be gentle and laughter pure easy enjoyment. The even more relaxed atmosphere of his new surroundings, complemented by the beautiful natural environment at Ithaca, suited him well.
Starting in 1933, the physics department at Cornell had made plans to enlarge its activities; until then it had been focused on teaching, with research serving to provide thesis topics for MA and PhD students. The new chairman of the department, R. C. Gibbs, along with one of Bethe's acquaintances from Munich days, Lloyd Smith, conceived a very different model for the department. Four new appointments were made in just two years: Lyman Parratt, in X-ray spectroscopy, and three men in the very new field of nuclear physics: Stanley Livingston, who had just helped Ernest Lawrence build the world's first cyclotron, the young yet experienced experimentalist Robert F. Bacher, and to complete the team of builder, experimentalist and theorist, Hans Bethe. Firm friendships formed between these new colleagues and many of the older faculty.
The 'Bethe Bible'
Bethe's unsurpassed ability to elucidate newly developed complex physical knowledge had already been displayed in his Handbuchartikel in the early 1930s. When he joined the physics department at Cornell and found his colleagues to be more ambitious than knowledgeable in theory, he provided them with what later became known as the 'Bethe Bible', three articles in Reviews of Modern Physics (14) (15) (16) . Written in collaboration with his colleagues Bacher and Livingston, the articles presented a complete coverage of nuclear physics and were used like textbooks.
These review articles and a lecturing tour on which Bethe embarked soon after his arrival in the USA were evidence of his strong commitment to teaching at all levels. They also brought him a job offer from another American university and, when he chose to stay at Cornell, his promotion to full professor.
The carbon cycle
The influx of émigré scientists from central Europe in the 1930s became a powerful force in the American scientific community. In 1935, Merle Tuve of the Carnegie Institution and John Fleming of George Washington University started the Washington Conferences, held annually from 1935 to 1942. Hans Bethe had taken part in 1935 and 1937. At the suggestion of George Gamow, he had worked with Charles Critchfield, one of Gamow's students, on the 'proton-proton chain' as a possible mode of energy production in the Sun (17) . However, having used Eddington's value for the central temperature of the Sun, which was later confirmed to be inaccurate, their calculations led to an inaccurate value for the luminosity of the Sun. By 1938 Bethe's interest had changed to quantum electrodynamics (QED), and he did not intend to go to the Washington Conference that year. However, Edward Teller persuaded him: his work with Critchfield would be discussed.
At the Washington Conference, Bethe heard of Strömgren's new estimates of the solar interior temperature (Strömgren 1937) , and these estimates brought Bethe and Critchfield's calculated predictions for solar luminosity much closer to the observed radiation, and their theory of energy production in the Sun and less massive stars worked just fine.
The question of energy production in larger stars remained unsolved. The proton-proton reaction did not predict this accurately because the rate of the reaction increases slowly as the temperatures rise, in contrast with the known phenomenon in larger stars, in which the core temperatures increase slowly with increasing mass but the luminosity increases very rapidly. Bethe considered this particular problem when he left the conference. Contrary to legend, he did not figure out the carbon cycle (and thereby understand the energy production in larger stars), the discovery that would earn him the Nobel Prize in 1967, on the train on the way back home from Washington. However, he did start thinking about energy production in massive stars on his return to Ithaca and he soon worked out that the reaction would have to involve heavier nuclei. Within two weeks Bethe had worked out the six-step cycle in which carbon and nitrogen act as catalysts in producing a 4 He nucleus from hydrogen atoms. He did this simply by looking through the possible reactions that had been measured by Initially, Bethe submitted the paper to Physical Review; then, however, his student and friend Robert E. Marshak, in collaboration with whom Bethe would-many years later in 1947-anticipate the discovery of the Ț-meson, told him of the A. Cressy Morrison prize of the New York Academy of Sciences for the best unpublished paper on energy production in stars. Bethe requested the paper back from Physical Review. (It was later published as (18).) He won the prize of $500. After paying Marshak his 'finder's fee' of 10%, he used half of the prize money to buy his Jewish mother's way out of Germany, and the other $200 to bring both his mother and her furniture to the USA.
The 1939 paper 'Energy production in stars' was a landmark paper, which formed the basis of much work in astrophysics for decades. John Bahcall and Ed Salpeter (ForMemRS 1993) have pointed out two aspects of this paper that are not widely known (Bahcall & Salpeter 2006, p. 149) . First, given Hans Bethe's prominence in solar-neutrino studies in the 1980s and 1990s, it is interesting to note that he did not include a neutrino in any of the paper's nuclear reactions. This omission was based on the 1934 calculations of Bethe and his friend Peierls, in which they had set-on the basis of dimensional arguments-an upper limit of 10 ǁ44 cm 2 on neutrino absorption cross-sections; they therefore they concluded that it would be impossible to 'observe processes of this kind with the neutrinos created in nuclear transformations'. Later, Bethe concluded from the absence of observed ionization by neutrinos that any neutrino magnetic moment had to be much less than that of the electron (13) .
Second, Bethe discussed in his 1939 paper the reactions 2 H+ 2 H and 4 He+ 4 He, but he did not comment on the analogous reaction 3 H+ 3 H, which is the dominant way of completing hydrogen burning to helium in modern solar models. When asked why he had not considered it, he simply answered, 'I didn't think of it!'
The years immediately before World War II were an exciting time for Hans Bethe scientifically, and they were also a happy time personally. His mother arrived in the USA safely in 1939, and in September of that year he married Rose Ewald, the daughter of his former mentor at Stuttgart. As Bethe would later recall, they were married by a judge who recited the marriage ceremony in its briefest possible form-everybody thought it was a rehearsal. But at some stage the judge said, 'Now you are married.' And so they remained for more than 66 years.
Among the guests in the small wedding ceremony were Bethe's close friend Edward Teller and his wife Mici. Teller and Bethe, both refugees from totalitarian Europe, shared scientific interests. Different in personality, the charismatic and emotional Teller and the sometimes shy Bethe complemented each other. Hans Bethe spent many happy hours at the Tellers' house in Washington, often in connection with scientific meetings, where he and Teller had innumerable discussions on scientific problems. Later, the two families spent summer trips in the mountains. In those years the Tellers were among the Bethes' best friends in the States. It was a friendship that would be severely tested in later years.
THE WAR EFFORT
Hans Bethe was unable to get clearance for military classified projects until after his naturalization in February 1941. Keen to contribute something to the war effort after hostilities had commenced in Europe in late 1939, a problem that came to his attention was armour penetration by missiles. Having no official source of information, he first read on the subject in Encyclopaedia Britannica. Then he discussed it with his friend and fellow non-citizen, Austrian-born George Winter, a civil engineer who had specialized in the elasticity of steel. Together they wrote a paper on the deformation and shielding of armour plate. The paper was never published and as a potentially significant contribution to the war effort it was soon classified and thereby put outside Bethe's reach, who-as enemy alien-was not allowed to access such classified material! In the summer of 1940, Bethe and Teller, also not yet an American citizen, consulted Teller's friend, fellow Hungarian aeronautical engineer and physicist Theodore von Kármán (ForMemRS 1946) . He suggested investigating the behaviour of air behind an airplane's wing. Bethe and Teller took up the idea and produced a theory of how the equilibrium of a gas is reestablished behind a shock wave, a paper that was later to become the basis of much work done by aerodynamicists, because it gave insights into the use of shock waves in the investigation of properties of gases (19) .
After becoming an American citizen in February 1941, in December of the same year Bethe finally received his clearance to work on classified military projects. The first such project was linked to the radar that was being developed at the Radiation Laboratory at MIT; Bethe invented the so-called Bethe coupler, a device used to measure the propagation of electromagnetic waves in waveguides. In 1942, while working on the radar project, Bethe participated in a summer study group at Berkeley, organized by Robert Oppenheimer (ForMemRS 1962) , which led to the creation of the Los Alamos Laboratory in 1943.
Like many others, Bethe joined the Manhattan Project out of fear that Nazi Germany might be developing a fission bomb. As head of the theoretical division in Los Alamos, Bethe led the effort to assess theoretically the performance of the evolving designs of what ultimately became the Hiroshima and Nagasaki bombs. Never before or after did he work so intensely. He was ideally suited for his role at Los Alamos. He coupled deep theoretical insight into nuclear physics with organizational talent and stamina. 'The imperturbable and meticulous Bethe solved problems by facing them squarely, analysing them quietly and then ploughing straight through them. He pushed obstacles aside like a battleship moving through the water' (Groueff 1967, p. 60) . Bethe directed many of the brightest minds and an assemblage of highly idiosyncratic experts towards the common goal of beating the Germans to the development of a nuclear weapon. Among the more eccentric of these geniuses was 'the mosquito boat ', Richard Feynman (ForMemRS 1965) , the counterbalance to the 'battleship' Bethe. The collaboration of the two ingenious scientists led to many theoretical breakthroughs in the project and beyond, when Feynman joined Bethe after the war, as associate professor of physics at Cornell.
AFTER THE WAR
Until 1945, Bethe considered science to be above politics, its investigations and discoveries a universally desirable good. During the war he had been so intensely occupied with his work that there was little room for other thoughts. Witnessing the power unleashed by the bomb, seeing the photos of its destructiveness, he was appalled and began to analyse the worldwide military and political developments that were likely to follow in the wake of the atomic explosions. He took seriously his responsibility of bringing the true nature of nuclear weapons and their threat into public awareness. The atom bombs had been dropped in August 1945, and on 18 September 1945 Bethe gave his first public talk explaining the nature of nuclear energy in an explosion and its potential as a supplier of electricity. Although convinced about the necessity of using the latter, Bethe was very concerned about the consequences of the former, and he would spend the rest of his life promoting nuclear disarmament and arms control, being active at governmental, subgovernmental and non-governmental levels.
Hans Bethe never lost touch with Los Alamos, returning every year until 1996 for a few weeks and once, in 1952, for nine months. His visits and his consultancy were held in high regard throughout. Similarly, his consultancy in industry was in demand. To make ends meet during the difficult postwar years Bethe had accepted a consultancy agreement at General Electric Company, and he discovered that he enjoyed solving the practical problems of the application of science. Advising General Electric about nuclear submarines was followed by other consultancy positions such as advising Detroit Edison on nuclear power, especially breeder reactors, or Avco Everett on heat shields for the nose cone of a re-entry vehicle.
The wartime experiences had changed Hans Bethe profoundly, not merely in his evaluation of the interrelationship of science and politics. As a division leader within the Manhattan Project he had learnt to organize work for others and to keep people happy working together creatively amid the tense wartime atmosphere, and he had had to deal with issues of 'nonscientific' personnel management. As a result he became more confident in human relations. Similarly, his already considerable range of scientific knowledge expanded further into chemistry, metallurgy, explosives, electronics and others.
On the domestic front, too, life had changed significantly. Towards the end of the war, within 16 months, his son and daughter were born. Whereas days were taken up by everincreasing work commitments, evenings and Sundays were reserved for his family, and the Bethes enjoyed the pleasures of the wonderful hills around Ithaca, its gorges and waterfalls. Following the patterns of his own childhood he played with his children and read to them. On weekends the family went on walks, and vacations were spent in the American West or the Swiss mountains.
QED and the Lamb shift calculation
When Hans Bethe was awarded the Nobel Prize in 1967, many argued that although his understanding of the nuclear reactions that make the stars shine was significant, his calculations of the Lamb shift were the more profound contribution to physics. Those provided the insight that opened up a new way of thinking about QED, paving the way to the modern era of particle physics (Dyson 2006, p. 161) .
QED had been developed in the late 1920s and early 1930s, with Dirac, Heisenberg and Pauli, and Fermi being the main driving forces. At one time or another, Bethe had learnt from all of these men. He had also gained first-hand experience of working with practical applications of QED as a result of his collaboration with Fermi in 1931, in which they calculated the retarded interaction between two electrons caused by the emission and absorption of photons (5). In addition, his Handbuchartikel on the quantum theory of one-electron and two-electron systems (6), which investigated mainly the hydrogen and helium atoms, had made him the world expert on the hydrogen atom.
After the end of World War II, the American National Academy of Sciences sponsored a series of conferences in theoretical physics. The first of these meetings, the Shelter Island Conference of June 1947 on the Foundation of Quantum Mechanics, revisited QED. Invited participants, including Oppenheimer, Bethe, Victor Weisskopf, Feynman, Willis Lamb, Teller and Julian Schwinger, discussed the experiments of Lamb and Retherford to measure the fine structure of the energy levels of the hydrogen atom (Lamb & Retherford 1947 ). Lamb and Retherford measured what later became known as the Lamb shift, the frequency of a microwave field that induced a transition between the two lowest excited states of the hydrogen atom.
According to Dirac's theory the two states should have had equal energy, and therefore the Lamb shift should have been zero. But Lamb measured it as 1000 MHz, a discrepancy that some participants of the Shelter Island meeting attributed to quantum fluctuations of the electromagnetic fields acting on the electron in the atom. The theory of QED gave an infinite value for this self-energy, whereas Lamb's experiments clearly pointed to finite effects of electromagnetic quantum fluctuations.
According to QED the observed energy of an electron was the sum of two unobservable quantities, the bare energy as an energy of the electron if it were uncoupled from electromagnetic field and the self-energy, which results from electromagnetic coupling. At Shelter Island, Hendrik Kramers suggested that the results of Lamb's experiments should be calculated in terms of observed energies only. Only self-energies should be taken into account; bare energies were physically meaningless (because electromagnetic coupling could not be eliminated). He devised a simple model of an electron in which the calculation could be done: the infinite self-energies cancelled each other out, and the result was finite. When applying the same idea to real electrons in real hydrogen, however, the conference participants encountered significant obstacles. It fell on Bethe, this time really on a relatively brief train journey from New York to Schenectady after the conference, to complete this calculation. Freeman Dyson (FRS 1952) explained why it was no coincidence that Bethe had been the one to break the impasse at Shelter Island; he was ideally suited to solve the kind of problem posed by Lamb's experiments and Kramers's renormalization ideas (Dyson 2006, p. 159 
):
Firstly, Bethe understood that the reaction of the electromagnetic quantum fluctuations was mainly a nonrelativistic process and could be calculated using nonrelativistic quantum mechanics. Everyone else at the meeting assumed that a calculation of the Lamb Shift had to use the notoriously difficult and complicated theoretical apparatus of QED. Only Bethe had the courage to plunge ahead with a calculation using oldfashioned nonrelativistic quantum mechanics. … Second, Bethe was uniquely prepared by his previous training and experience to do the calculation and get the right answer.
The Lamb shift calculations were a fine example of what Gerry Brown would later call the 'H. A. Bethe way'. When confronted by any problem Bethe would sit down with paper, pen and his slide rule and calculate the problem in the most obvious way. Most importantly, he would not to be deterred by anyone who would tell him-as most colleagues would-that the situation was much more complicated than he thought.
Bethe could identify the essential physics and see the light at the end of the tunnel. Once he had focused on that light he would move towards it, undeterred by temporary obstacles and helped by his formidable mathematical mind and his prodigious memory, which gave him a command and control over the entire discipline that was second to none.
In that sense, neither the discovery of the carbon cycle nor the Lamb shift calculations were strokes of genius. They were examples of a masterful scientist doing what he often advised his protégés to do, namely 'only to work on a problem for which you have an unfair advantage' (Bahcall & Salpeter 2006, pp. 153-154) .
Having helped to determine the new direction of QED, Bethe continued to work on related or consequential problems. Together with his Cornell colleague Ed Salpeter he formulated a relativistic wave equation for bound states of two particles (21), and later the two physicists published a greatly revised version of Bethe's 1933 Handbuchartikel on quantum mechanics of one-electron and two-electron systems (23) .
While making seminal contributions to the development of QED, Hans Bethe was also heavily involved in particle physics in the early 1950s. Under his leadership, Cornell became a world centre for high-energy particle physics. During a sabbatical at Cambridge in the mid1950s he gave a substantial lecture course on fields and particles, closely related to the twovolume study Mesons and fields, which he had written together with Sam Schweber and Frederic de Hoffmann.
Los Alamos revisited: the H-bomb, the Oppenheimer case and the shaping of public policy
In 1942 Edward Teller had suggested the focusing of nuclear weapons research on the development of a hydrogen bomb; although not a priority, work on thermonuclear weapons was actively pursued during the war years. At Los Alamos, Teller headed a small group-separate from Bethe's theoretical division-working on his ideas for a hydrogen bomb known as 'the super'. In contrast with Teller, who believed not only in the feasibility of 'the super' but also in the necessity of building it at almost all costs, for Bethe the key consideration in a decision whether to develop a thermonuclear weapon was a moral one ( (20), p. 16):
After the first Soviet nuclear test in 1949, he and many other scientific leaders advised against a crash programme to develop a hydrogen bomb. Bethe hoped to be able to prove that an H-bomb would not be technically feasible. When he realized, however, that this was not so, and after a decision had been made to develop such a device, he returned to Los Alamos in an attempt to make his influence felt within the establishment (Edson 1968, p. 125) . His disagreement with Edward Teller over the H-bomb and other military and foreign policy issues was very painful for Bethe. At Los Alamos their personal friendship had already been strained by differing views about the wisdom of developing a thermonuclear weapon, and when the issue was debated on a broader political platform this strain intensified. Both scientists were absolutely convinced about the correctness of their own position, but their roles in the political opinion-forming and decision-making processes differed widely. Whereas Bethe saw his primary duty in providing the scientific information and in elucidating the 'facts' to allow the political establishment to arrive at well-informed decisions, Teller had a strong sense of a political mission, which drove him to promote his own political agenda.
Even more painful than the disagreement over the H-bomb were the arguments at the time of the Oppenheimer case. When Oppenheimer's loyalty was questioned during the witch-hunting days of the McCarthy era, Teller, with whom Oppenheimer had disagreed on the hydrogen bomb, testified against his former boss at the latter's security hearing in 1954. Bethe, at the time President of the American Physical Society, was one of Oppenheimer's staunchest supporters. He had the courage to stand up to and speak out in his support, and he never made a secret of his abhorrence of the treatment that Oppenheimer received. In his testimony he could not have been clearer (Drell 2006, p. 253) :
I have absolute faith in Dr. Oppenheimer's loyalty. I have always found that if he differed from other people in his judgement, that it was because of a deeper thinking about the possible consequences of our action than the other people had. I believe that it is an expression of loyalty-of particular loyalty-if a person tries to make available his deeper insight, even in making unpopular suggestions, even in making suggestions which are not the obvious ones to make and are not those which a normal intellect might be led to make.
After his initial work on the atom bomb and the H-bomb, subsequently, throughout the four decades of the Cold War, Bethe advocated and worked tirelessly on the creation of effective tools for verifying and validating negotiated agreements to slow down the arms race between the two superpowers (Drell 2006, p. 255) . As one of the original members of the President's Advisory Committee, Bethe proposed a study of the possibility and implications of a ban on nuclear weapons tests. His chairmanship of the interagency panel created to assess the American ability to detect Soviet nuclear tests allowed him to gain the expertise to participate actively in the 1958 Geneva talks on test bans, work that culminated, five years later, during J. F. Kennedy's presidency, in the conclusion of the Limited Test Ban Treaty between the USA, the Soviet Union and Great Britain.
Bethe continued his work for nuclear disarmament, arguing against President Johnson's socalled 'thin missile defense', and even more forcefully against President Reagan's Strategic Defense Initiative. Even after the end of the Cold War, on the occasion of the 50th anniversary of the explosion of the first atomic weapon over Hiroshima, the 'conscience of science' Hans Bethe called on his colleagues 'to cease and desist from work creating, developing, improving and manufacturing further nuclear weapons-and, for that matter, other weapons of potential mass destruction such as chemical and biological weapons' (32).
The nuclear many-body problem
In 1955 Hans Bethe spent a sabbatical in Cambridge. At the time Douglas Hartree FRS, the inventor of the self-consistent Hartree fields for atoms, was a professor at Cambridge. He had also proposed a method of solving the many-body time-independent Schrödinger equation, the so-called Hartree method. Hartree's presence was only one of several factors that encouraged Bethe to shift the emphasis of his own research to turn to the nuclear many-body problem in a more focused way. His own teaching duties, which included a lecture course on this topic, and his work with two promising graduate students with interests in this field, Jeffrey Goldstone (FRS 1977) and David Thouless (FRS 1979) , were two equally important driving factors.
This work involved the use of the G-matrix theory developed by Keith Brueckner to 'tame' the extremely strong short-range repulsions entering into the nucleon-nucleon interaction (Brueckner 1954 (Brueckner , 1955a Brueckner & Levinson 1955; Brueckner et al. 1954 ). Brueckner's pioneering approach of solving the two-body scattering problem in the nuclear medium by rearranging perturbation theory in such a way that the contribution to the total energy at each order was proportional to the number of particles allowed a better understanding of nuclear properties. Energies per particle were manifestly finite. The challenge of calculating these nuclear properties was yet another one to which Bethe's abilities, experience and knowledge were ideally suited. His approach, based on a diagrammatic expansion of perturbation theory in a series ordered by the number of interacting particles, had 'Hans Bethe' written all over it. In one substantial paper (22) Bethe gave a self-contained and largely new description of Brueckner's method for studying the nucleus as a system of strongly interacting particles with the aim of developing a method that was applicable to a nucleus of finite size while eliminating any ambiguities of interpretation and approximations required for computation. Thus, Bethe-using the work of Brueckner and collaborators-produced an orderly formalism in which the evaluation of the two-body operators G would form the basis for calculating the shell model potential V(r). As in other scientific contexts, analytic solutions to specific problems were a source of additional insight for Hans Bethe. Therefore, with Jeffrey Goldstone he went on to investigate the evaluation of G for extreme infinite-height hard core potential, and he encouraged David Thouless to investigate the problem and determine what properties of G would produce it given the empirically known shell potential V SM (r).
Then, progressing from Goldstone's work and the Goldstone diagrams (Goldstone 1957), Bethe took the logical next step and investigated three-body correlations, in the course of which he formulated what is now known as the Bethe-Faddeev equations. Using Ludwig Faddeev's work on the scattering of systems of three particles (Faddeev 1960) he generalized the approach and formulated the problem in terms of the three-body wavefunction. He developed the tools to evaluate the three-body contributions to the binding energy, and after combining it with Wong's idea of a 'soft repulsive core' (Wong 1964 ) he arrived at binding energies that were in much better agreement with observations than previous estimates (25, 26) . Bethe continued to contribute to the theory of nuclear matter; in fact, for the two decades after his Cambridge sabbatical in 1955 this was the single most important area of his research. Not only did he conduct research himself and contribute to the discipline in the form of numerous publications (for example (24) , (28) and (29)), he also advised many graduate students in this field who in turn made significant advances. Bethe's student Roderick Reid constructed hard and soft core potentials to fit the Yale and Livermore phase parameters and low-energy data (Reid 1968) . Benjamin Day, a former student who was working from Argonne National Laboratories, used this potential for further nuclear matter calculations (Day 1966 (Day , 1967 (Day , 1969 (Day , 1981 Day et al. 1972; Day & Wiringa 1985) . Similarly, another student, John Negele, built on Bethe's initial work, formulating a theory for the calculation of the structure of finite nuclei from the nucleon-nucleon interaction (Negele 1970) before developing the physical and theoretical foundations for the mean-field theory of nuclear structure and dynamics (Negele 1982) .
When, in 1968, pulsars were discovered and interpreted as rotating neutron stars, Bethe, with his comprehensive understanding of nuclear matter, briefly turned his attention to astrophysics again. With Gordon Baym and Chris Pethick he calculated the equation of state pertinent to a neutron star as a function of density and of the fraction of neutrons (30). The glimpse at astrophysics at this particular point in time may well have been triggered by Bethe's renewed interest in his own early work on energy production in stars in the months preceding the discovery of the pulsars.
Cornell and beyond
Hans Bethe was universally admired as a first-class scientist. However, the immense respect in which he was held by his students, colleagues, friends and even his critics was based as much on an appreciation of his human qualities as on his scientific achievements. As Robert Wilson once remarked, 'One of the impressions you get of Hans is that he is a man who is quintessentially responsible: responsible for his own life, responsible for the university, responsible for physics in America, responsible for world physics' (Robert Wilson, at the Cornell University Memorial Meeting, 'Celebrating an exemplary life', 18 September 2005).
First and foremost, of course, he was an active and devoted university teacher and researcher. His lectures were a model of clarity; his one-to-one tutoring of graduate and postgraduate students was second to none. He had great patience and considerable empathy for the thinking processes one had to go through to arrive at complete understanding. He also had a unique ability to choose the most appropriate research topics suited to the ability and interests of each individual student.
However, Bethe's influence within the university went far beyond lecture theatre and seminar room. He played an active role in university administration, wrote important policy papers on student loans and housing, discussed thorny issues such as student participation in university administration and, of course, had a substantial impact on the shaping of research and teaching priorities within physics. Moreover, he made his views known when he considered that he could contribute direction to decisions on issues of intellectual and academic freedom and political integrity. For instance, Bethe's support of his fellow physicist Philip Morrison weighed heavily in Cornell's decision not to dismiss the latter despite his refusal to curtail his pacifist pronouncements and his outspoken support of dialogue with the Soviet Union during the McCarthy era (Schweber 2000, pp. 132-146) . Similarly, Bethe's unique ability to communicate and bridge conflicting views and interests was clearly felt when during the so-called Willard Straight takeover in April 1969, students occupied this university hall for 36 hours and later proclaimed the end of Cornell University. Bethe's show of interest in Cornell by participating in public meetings with the students, his willingness to serve on the first Senate and his ability to communicate with the students were major factors in restoring stability on campus.
Hans Bethe's enthusiasm for scientific and political discourse was not confined to the university. He engaged in debates with high school students as easily as with the press and politicians. His work as advisor to governments as well as consultant to energy suppliers and organizations concerned with energy policies had a double purpose: the key objective was the dissemination of knowledge; a secondary consideration-important though it may have been-was to secure a political decision that closely resembled his own convictions.
Even in retirement, Bethe would devote time and energy to passing on his knowledge and experience, to students, graduates, colleagues and to his neighbours at Kendal of Ithaca, a retirement community where, at the age of 93 years, he delivered three lectures on quantum theory (http://bethe.cornell.edu).
Astrophysics again
On 11 October 1967, at about six o'clock in the morning, Hans Bethe was woken up by a phone call from a Swedish journalist informing him that he had been awarded the Nobel Prize in Physics for the discovery of the stellar energy production mechanism. This was the first Nobel Prize ever awarded in astrophysics.
The phone call was the beginning of what Bethe later described as two months that were 'among the happiest of my life' ((33), p. 33). The prize and the impending ceremony encouraged Bethe to venture to pastures old and new. Among the new experiences was his first-and onlyclothes shopping expedition with his wife to prepare for the formal ceremonies and dinners. On more familiar territory was his revisiting astrophysics, a subject he had not looked at seriously for almost 30 years. His former postdoctoral student and long-time colleague, Ed Salpeter, directed his efforts and guided his reading during the two-month crash course covering three decades of astrophysics research: Bethe learnt that his initial discovery in the late 1930s had indeed allowed astrophysicists to understand the life cycle of stars and to explain many observed phenomena.
Having delivered his Nobel lecture (27) and having engaged briefly in the above-mentioned astrophysical excursion with Baym and Pethick, Hans Bethe moved away from astrophysics again, returning to nuclear physics until the mid-1970s. It was not until 1978, a few years after first being approached by his colleague and friend Gerry Brown about a possible collaboration, that Bethe returned to astrophysics in a serious way. While at Copenhagen, where Brown was professor at the Nordic Institute for Theoretical Physics (NORDITA), Bethe read through the existing literature on the core collapse of massive stars and quickly realized that all calculations of supernovae contained an error. The consensus was that the core collapse ended when the core density reached about 10% of the nuclear density, whereas in fact it continued to densities well in excess of nuclear density. Together with Jim Applegate and Jim Lattimer, Bethe and Brown wrote the paper, nicknamed 'babble' (for BABL, the authors' initials) by William Fowler, and generally referred to as such in the astrophysics community. It derived the equation of state in stellar collapse from simple considerations, notably Bethe's early insight that the entropy per nucleon remains small, in the order of 1 (in units of k), during the entire collapse (31) .
Babble turned out to be the beginning of a long and fruitful astrophysical collaboration between Bethe and Brown. For 19 years the two scientists spent the month of January together on the West Coast, at Santa Barbara, Santa Cruz or Caltech, producing more than 20 joint papers in the process.
Gerry Brown vividly described how their collaboration took shape during these intense research periods. At the outset Brown would bring up ideas and what he called the 'don't know how', and Bethe would provide his seemingly inexhaustable 'disc storage' of problems he had worked through or thought about. Bethe started his research of the day, as he had done for decades, with a stack of white paper on the upper left-hand corner of his desk, fountain pen and slide rule in hand. Then he would begin working out whatever problem he had planned to do, remembering all constants, and would fill the white sheets at a nearly constant rate. He headed straight towards the light at the end of the tunnel. If he ran into a barrier he would go around, over or under it, filling more of the paper. In short: the Bethe way! In the evening Brown would bring up the problems he wanted Bethe to think about the next morning. The master bedroom always had a large bath because Bethe felt his mind to be clearest in the morning in the bath. He would come after his bath to the massive breakfast: sliced meat from the roast or joint or chicken supper the evening before, hot bread rolls, raspberry jam and lots and lots of weak tea. Over breakfast he outlined the line of attack they should use on the problem in hand. He would estimate what they could get done by noon-and he was in less than good humour if he missed his goal, because he wanted to set out for lunch by noon. In the late afternoon, after coming home from the institute, over tea Bethe and Brown would cross-check their solutions for the problem they had worked on during the day. Bethe would have done his numerical work with his slide rule, Gerry Brown his with a $16.00 calculator. Usually they agreed on the results.
Hans Bethe defied the notion that physics is a young person's pastime. He published significant papers in every decade from the 1920s into the twenty-first century. As John Bahcall remarked: 'If you know his work, you are inclined to think that he is many different people all of whom have gotten together and had formed a conspiracy to sign their papers under the same name' (John Bahcall, at the Cornell University Memorial Meeting, 'Celebrating an exemplary life ', 18 September 2005) . Physics had been central to his life from an early age, and it remained so until the very end of his life. He did not believe in divine order, nor in intelligent design. He believed in a cosmic order, open to understanding through investigation. Bethe was proud of advances in understanding, whether taken by him or others. In his endeavours to gain scientific insights, his trademark was integrity. In the words of one of his colleagues, Richard Garwin, 'he would never exaggerate an argument in order to achieve the result he desired.' Hans Bethe was a giant among giants, a man whose scientific achievements were matched by his personal qualities. As one of his postdoctoral students, Vijay Pandaripande, put it: 'Without the experience [of knowing Hans Bethe] it would be difficult to believe that there could be a man of such exceptional talents, sincerity, honesty and simplicity.'
